The idea of a possible control of metal ion properties by constraining the coordination sphere geometry was introduced by Vallee and Williams with the concept of entasis, which is frequently postulated to be at stake in metallobiomolecules. However, the interactions controlling the geometry at metal centers remain often elusive. In this study, the coordination properties toward copper ionsCu II or Cu I of a geometrically constrained glycoligand centered on a sugar scaffold were compared with those of an analogous ligand built on an unconstrained alkyl chain. The sugar-centered ligand was shown to be more preorganized for Cu II coordination than its open-chain analogue, with an unusual additional stabilization of the Cu I redox state. This preference for Cu I was suggested to arise from geometric constraints favoring an optimized folding of the glycoligand minimizing steric repulsions. In other words, the Cu I d 10 species is stabilized by valence shell electron pair repulsion (VSEPR). This idea was rationalized by a theoretical noncovalent interactions (NCI) analysis. The cumulative effects of weak forces were shown to create an efficient buckle as in a hook-and-loop fastener, and fine structural features within the glycoligand reduce repulsive interactions for the Cu I state. This study emphasizes that monosaccharide platforms are appropriate ligand backbones for a delicate geometric control at the metal center, with a network of weak interactions within the ligand. This structuration availing in glycoligands makes them attractive for metallic entasis.
The possible control of metal properties by the coordination geometry was an idea introduced by Vallee and Williams 1 with the concept of "entatic state" 2,3 and refers to proteins in which metal cations are in an unusual energized state. 4 Entatic states can be achieved using structures enabling the coordination but with some constraints leading to a geometry that does not match the geometrical intrinsic requirements of the metal ion. 2, 4 In the case of copper(II/I) redox couple, as Cu II and Cu I cations display different geometrical requirements, the geometry can be used to control the redox potential, 5 as shown in a few examples in the literature. 6−8 Indeed, the control of the redox state for the Cu II/I couple can be achieved by a structural constraint favoring Cu II over Cu I , as explained in the following. 5 Cu I is a d 10 ion, and therefore, it has no structural preference based on its electronic structure. Hence, Cu I complexes often adopt 4-coordinate tetrahedral geometries, organizing Lewis bases at the farthest possible positions, as expected from the VSEPR (valence shell electron pair repulsion) theory. Cu II d 9 ion undergoes Jahn−Teller distortion 9 with a strong preference for axially distorted over perfectly octahedral structures. Then, a ligand forcing an axial distortion would favor Cu II over Cu I . Since the pioneering works in the 1980s, 10, 11 geometrically constrained ligands have been described in the literature and used to control the properties of various metal ions, such as ligands bearing bulky substituents, 12 in particular to control the geometry of the coordination sphere and redox potential, 6 ligands with rigid spacers between Lewis bases, 11 substituted macrocycles, 13 capped calixarenes, 14 and nonmacrocyclic ligands. 15, 16 An original and still scarcely used strategy is to take advantage of ligands built on a sugar central platform that acts as a constrained central platform to control the physicochemical properties of the derived complexes. 17−21 We developed glycoligands as a family of monosaccharides with appended chelating units, which could embed different ions with control of the chelation site 22−32 and of physicochemical properties such as magnetic properties, 23 stereochemistry, 24, 31 and binding constant. 32 In the present article, the coordination properties of a ligand centered on a ribo scaffold (L) are compared to those of an analogous ligand built on an open unconstrained alkyl chain (L′). Interestingly, a preorganization of the ribo-centered ligand (L) for Cu II coordination with a higher stabilization of the Cu I redox state in the case of L was evidenced experimentally. This has been rationalized by a theoretical noncovalent interactions (NCI) analysis. 33, 34 This approach, focusing at the weak VSEPR interactions in an extended network involving the ligand at the immediate metal neighborhood, showed a clear loss in repulsive interactions in the Cu I state both in the glycocomplex and in its analogue, with some significant additional stabilization in the case of the ribobased system. Possible fine tuning of redox potential by noncovalent interactions in Cu−proteins has arisen some interest lately, 35, 36 and the study reported here shows that this can be achieved in small complexes. Interestingly, it was shown that the cumulative effects of several weak interactions, identified by the NCI method, can be a source of efficient stabilization for Cu, as in a hook-and-loop fastener.
■ RESULTS AND DISCUSSION
To study the influence of the constraints of the sugar platform on the properties of Cu II complexes, we synthesized a glycoligand (L) based on a ribo-furano scaffold with an isopropylidene ketal that acts as a conformational lock and its unconstrained analogue (L′) based on an open alkyl chain (see Figure 1 , Material and Methods, and Supporting Information for synthesis).
The structure of the Cu II complexes was solved by X-ray crystallography in the solid state. As shown in Figure 1 (see also Supporting Information), the structure of [Cu(L)] 2+ is closer to the ideal trigonal bipyramid (TBP) than that of [Cu(L′)] 2+ , which is distorted toward the square pyramid (SP) (τ = 0.84 and 0.67, respectively, τ = 1 being for an ideal TBP and τ = 0 for an ideal SP). 37 Overall, the spectroscopic properties in solution, both in X-band EPR as well as UV−vis, are consistent with the X-ray structures (see Supporting Information, Figures  S3 and S4 ). Interestingly, the redox potential of the glycocomplex couple was significantly higher than that for the acyclic analogue (E°g lyco = −39 mV/NHE, E°a cy = −121 mV/ NHE, ΔE glyco-acy = 82 mV) (see Supporting Information, Figure  S5 ).
Complexation of Cu II by L and L′ was studied in EtOH by isothermal titration calorimetry (ITC) to determine the various thermodynamic parameters, including the association constant (K), the binding enthalpy (ΔH), and the entropy (ΔS) at 298 K. Figure S6 , Supporting Information, depicts the series of exothermic heat profiles for the titration of L and L′ with Cu II ion, and the parameters from the simulation (see Material and Methods and Supporting Information) are reported in Table 1 .
The binding enthalpy ΔH reflects classical steric terms such as van der Waalsas well as electrostatic interactions and hydrogen bonding but also angular and torsional strains and electronic contributions. The entropy ΔS is associated with the reorganization of the ligand upon complexation. 38−40 For the reaction [Cu II (OH 2 ) n ] 2+ + Lgd aq = [Cu II (Lgd)] 2+ + n′H 2 O (Ldg = ligand, n′ can be greater than n if the ligand was solvated), solvation effects, both at the metal ion and at the ligand level, are also important enthalpic and entropic factors. The release of water molecule(s) to solvent upon binding of a polydentate ligand induces an increase in disorder and hence a favorable entropic contribution. 41 In the present study, the two ligands offer a similar 3N im −2N amine coordination sphere. Despite the difference in steric constraints at the central scaffold and in the ligands folding, the Lewis bases are likely to be similarly exposed to the solvent, with similar solvation and similar changes in solvation upon binding the Cu II ion. Hence, by comparing the two ligands, alkyl (L′) and glyco centered (L), the solvation contribution compensate for each other, and they are therefore not considered in the following discussion.
The binding constant of Cu II to L was found to be 20 times higher than that for L′, which was paradoxically associated with a less negative binding enthalpy (Table 1 ). This suggests that the constraints from the ribo platform prevent optimization of the Cu−N distances. This is particularly true in the case of Cu− N alkyl (N3 and N5) included in the metallacycle (Cu−N3−C3− C4−C5−N5), which is fused with the furanoid cycle in the case of L (see Table S2 , Supporting Information). In addition, the observation that |ΔH([Cu(L′)] 2+ )| > |ΔH([Cu(L)] 2+ )| indicates a higher covalency for the Cu−N bonds in [Cu(L′)] 2+ , which is also suggested by the comparison of the molar extinction coefficients in UV−vis spectra, the higher value for [Cu(L′) 2+ ] being indicative of a higher covalency (see Supporting Information). The higher stability of the complex [Cu(L)] 2+ is clearly of an entropic origin. Indeed, the entropy loss observed in the case of [Cu(L)] 2+ is so small that this contribution overcompensates the enthalpy and leads to an increased K value in comparison with [Cu(L′)] 2+ . This smaller entropy loss is the consequence of weaker reorganization of the ligand structure upon coordination 4 in the case of L than in the case of L′, suggesting a higher preorganization of the glycoligand L for the coordination of Cu II . Preorganization is a concept that usually avails for macrocyclic ligands and cryptates that refers to the entropic loss associated with the freezing of the ligand in a conformation close to that encountered in the complex itself. 15, 42 Preorganization includes the overcoming of repulsive forces between polar groups coming toward each other in the complexation process: if they are already close in the ligand, this unfavorable interaction preexists in the ligand itself and is not working against complexation. 42 The chelating part in both L and L′ is an open-chain ligand with constraints induced by the glyco scaffold in L. This study is fully consistent with the idea according to which the concept of preorganization 42 can be an important factor governing the stabilities of the complexes derived from open-chain ligands.
To confirm this suggested preorganization of the glycoligand L for Cu II coordination, the structure of the sugar ring in the metal-free ligand in solution was compared with its structure in the coordinated ligand in the solid state. To do so, the coupling constants 3 J calcd , calculated using the Haasnoot−Altona equation 43 and H−C−C−H torsion angles in the sugar from the solid state structure of [Cu(L)](PF 6 ) 2 were compared with the experimental coupling constant 3 J exp obtained by 1 H NMR of L in solution (see details of the Haasnoot and Altona analysis in the Supporting Information). Interestingly, a good match was obtained indicating that the structure of ribo platform is unchanged upon complexation. This result clearly supports the preorganization of L for Cu II coordination.
Rorabacher and co-workers have shown in the case of a series of tripodal ligands containing N and S donor atoms that an increase in Cu II/I redox potentials was associated with the relative destabilization of the Cu II complexes rather than with stabilization of the Cu I species. 5 In the present case, [Cu II (L)] 2+ was shown to be 20 times more stable than [Cu II (L′)] 2+ (see above). The higher redox potential observed for the Cu II/I complexes derived from L can then only be explained by a much higher stability of the Cu I complex derived from L in comparison with L′. Indeed, the potential values of the Cu II/I redox couples are dependent on the stability constants of both Cu II 
where E o Cu(II)/Cu(I) is the standard potential of the Cu II/I redox couple in ethanol (E°g lyco for Lgd = L and E°a cy for Lgd = L′)
Generally speaking, the folding of a ligand to chelate a metal ion induces unfavorable steric interactions. 4, 39, 42 As Cu(I) d 10 has no structural preference, its complexes will adopt a geometry that minimizes these steric repulsions. Their geometry should therefore be dictated by the VSEPR theory: for a pentadentate ligand, the optimal spatial distribution of the five donor atoms should be TBP, which occupies the whole 3D space, and not SP, which occupies only half-space. The ligand L in [Cu(L)] 2+ was shown to offer a preorganized coordination sphere closer to TBP than to SP (see Figure 1 , bottom). Hence, the higher stabilization of Cu I by L could be understood as a VSEPR-controlled stabilization.
To support this suggestion of a VSEPR-controlled stability for the Cu I complex with L we performed a gas-phase quantum chemical study at the B3LYP/6-31G++** level 44−46 of the noncovalent interactions (NCI) at work within the Cu II and Cu I complexes of both L and L′ ligands. To do so, we used the NCI plot program 34 recently introduced by one of us which allows one to perform a NCI analysis (noncovalent interaction). 33, 34 Analysis of the electron density enables the visualization and quantification of local weak interactions. To the best of our knowledge, this method has still seldom been used for transition metal complexes and this is its first application to investigate the influence of the metal redox state. Details about the NCI method are provided in the Supporting Information (see also refs 33, 47, and 48). This analysis provides 3D representations of the interaction surfaces meant to locate the repulsive and attractive troughs within the atomic structure. In these representations, the nature of the interaction is color coded: red for repulsive, green for weakly attractive or repulsive, and blue for attractive interactions.
The NCI approach is a powerful tool to study weak interactions. 33, 34 We compared the interaction network within [Cu(L)] 2+ , [Cu(L)] + , [Cu(L′)] 2+ , and [Cu(L′)] + structures. Two kinds of domains were considered to understand the stability of transition metal complexes: (a) the metal subvalence core corresponding to the partially covalent coordination bonding and (b) the ligand interaction network including destabilizing interactions due to steric packing. 47, 48 For Cu II complexes, the NCI analyses were performed using the crystallographic structures. Overall, the optimized coordination sphere geometries are very close for L and L′ and to the experimental values (see Table S6 , Supporting Information). Table 1 shows thermodynamic parameters computed using the Gaussian software on optimized structures based on crystallographic data at the same level of computation used for the NCI computation (see Supporting Information). A good qualitative agreement between experimental and computed values was obtained. The interaction network shown in the NCI-3D plot in Figure 2 involves stabilizing interactions (in blue) that clearly correspond to ligand−Cu bonds or subvalence core. Within the ligand interaction network of both Cu II complexes two features are noteworthy.
(a) The ligand interaction network leads to a weak overall stabilization because the involved interactions are dual, with an attractive domain (blue to green) that is Information) ). b ΔG, ΔH, and TΔS in kcal mol −1 compensated by a repulsive contribution (red) from steric effects (see Figure 2 ). This indicates overpacking for both [Cu(L)] 2+ and [Cu(L′)] 2+ . This is the case, for instance, for interaction between imidazole rings (see Figure 2 insert (b)). (b) Overall, there is a larger number of these interactions for the glycoligand L than for the acyclic ligand L′. For instance, an additional H bond is clearly observed in [Cu(L)] 2+ between O 2 and H N3 as depicted in Figure 2a , which appeared dual with both attractive and repulsive features. Because of this compensation, the H bond is only weakly attractive. Clearly, [Cu(L)] 2+ exhibits an extended network of weak interactions ranging from H-bond to van der Waals interactions that is much richer than in [Cu(L′)] 2+ . This is an important main difference. The present analysis shows that the overall stabilization provided by this network is weak due to the compensation of attractive interactions and repulsive interactions, with the repulsive part due to steric crowding.
For the analysis of the Cu I complexes, the structures complexes were optimized at the B3LYP/6-31G++** level. The Cu II → Cu I reduction globally relaxes the coordination spheres with an increase in N−Cu with both ligands (see Table  S6 , Supporting Information). The geometry is TBP with a strong axial distortion, leading to an environment close to trigonal, with a global loosening of the steric crowding and repulsions within the ligand interaction network (see Figure 3 and movies 3 ([Cu(L)] + ) and 4 ([Cu(L′)] + ), Supporting Information).
In other words, the reduction to Cu I induces a dilatation of the subvalence core, which was expected from the ionic radii of Cu I and Cu II . 49 This dilatation leads to a weakening of the repulsive steric contributions, and therefore, the attractive contributions of the ligand interaction network prevail in the Cu I structures. As this attractive network is richer in the case of the L complex, the stabilizing effect upon reduction is stronger.
Two specific examples can be given to illustrate this richer network leading to an enhanced stabilization of [Cu(L)] + .
(a) The steric repulsion between imidazole rings and generally in the Cu-ion surroundings are reduced in the Cu I complexes: as seen on the NCI-3D representations, the number of red/repulsive troughs between imidazole rings is smaller in the case of the Cu I with a higher number of green/attractive troughs than in the case of the Cu II compounds (compare Figure 3 with Figure 2 , see also figures in the Supporting Information and movies). (b) The hydrogen bond between O 2 and H N3 strengthens with a weaker repulsive contribution than in the case of the Cu II structure and an additional attractive interaction with H Cl with a smaller O 2 H Cl distance in the Cu I complex (see Table S6 , Supporting Information). The NCI analyses provide a fine understanding of the effect of the ribo platform. Most of the interactions are similar for the L and L′ complexes, but importantly, the ribo platform induces additional weak interactions. The relaxation of the coordination sphere upon copper reduction decreases the steric congestion for both L and L′. The NCI analysis reveals that, in the case of L, the overall interaction network, because it involves a higher number of weak interactions than in L′, becomes significantly more attractive in the Cu I complex: as in a hook-and-loop fastener, the combination of several weak attractive interactions leads to a significantly higher stability of [Cu(L)] + . The present NCI analysis focused at the VSPER interactions network can be directly linked to both experiment and computed thermodynamic values (see Table 1 ). The extended network identified for L induces a rigidity higher for L than for L′, which organizes L in a conformation suitable for coordination. For the ribo scaffold, a large part of the loss in entropy associated with the reduction of conformational space upon complexation preexists in uncomplexed L. The same trends are observed with both oxidation states. For Cu I , free energies are larger in values, giving also a preference for L (ΔΔG(Cu I vsCu II )= −3.1 kcal mol −1 for L, see Supporting Information). Differences between L and L′ complexes are mainly due to ΔS values, which are found to be also similar to Cu II with a value lower by 11.2 kcal mol −1 for L. Thus, there is an additional cohesion within L, which is similar in its Cu II and Cu I complexes, associated with multiple interactions that have been unraveled by NCI. Overall stabilities of the networks were verified by performing NCI on limited ab initio Born−Oppenheimer molecular dynamics trajectories (225 fs simulation at the same level). 50 These analyses were performed in the gas phase, but similar interaction patterns have been observed in the presence of a continuum solvation model (PCM, see Supporting Information). 44 These computational results from the NCI analysis highlight the role of the ribo platform in the extended network bridging the metal density to the ligand and provide an extended view of the VSEPR argument based on the experimental observations.
■ CONCLUSION
The coordination properties of a glycoligand based on a ribo platform (L) and its open-chain analogue (L′) have been investigated by several physicochemical techniques, including UV−vis and EPR spectroscopies, ITC, and cyclic voltammetry. The preorganization of the glycoligand L for coordination of Cu II has been evidenced by ITC and by comparison of structural data in the solid state (X-ray structure) and in solution (NMR). The comparison of the electrochemical properties of the two couples [Cu(L)] 2+ /[Cu(L)] + and [Cu(L′)] 2+ /[Cu(L′)] + has suggested that L has a preference for Cu I over Cu II compared with the acyclic ligand. This preference for Cu I can be rationalized by the geometric constraints imposed by the sugar, which favor an optimized arrangement of L folding in space, minimizing steric repulsions. In other words, the stability of the two Cu I complexes is controlled by VSEPR.
This proposition was questioned using the NCI method. This approach takes into account an extended VSEPR network, including both the close-by ligands and the metal domain. A network of weak interactions is at stake and must be considered for an adequate description of the metal complexes stabilization. The steric constraints imposing an extended coordination sphere in the glycoligand are clearly associated with the stabilization of the Cu I glycocomplex. The net cumulative stabilization effect is induced by the weakening of the repulsive interactions due to the dilatation of the coordination core. Interestingly, this weak interaction network is shown to be the source of an efficient stabilization, as in a hook-and-loop fastener where the cumulative effects of weak forces create an efficient buckle. This study is thus an original and unprecedented demonstration of a VSEPR stabilization of Cu I complexes through efficient relaxation of repulsive interactions. Clearly, fine structural features in the glycoligand contribute to the stabilization of the Cu II complex and also, to a larger extent, of the Cu I complex. This study thus emphasizes that monosaccharide platforms are appropriate ligand backbones for a delicate geometric control of the properties of the complexes with a network of weak interactions within the ligand mimicking in a close shell interaction at stake in biomolecules structuration. This structuration availing in glycoligand makes them attractive for metallic entasis.
■ MATERIAL AND METHODS Ligands Synthesis. The ligands were synthesized by classical reductive amination. Treatment of 3,5-diaminodideoxy-1,2-O-isopropylidene-α-D-ribo-furanose, synthesized as previously described 51 with 3 equiv of 2-(N-methyl)-imidazolyl-carboxaldehyde using NaBH-(OAc) 3 as a reductive agent in 1,2-dichloroethane, gave selectively L in 41% yield. Selectivity for the 5N,5N,3N-trisubstitution can be rationalized by the steric hindrance from the cyclic isopropylidene acetal preventing disubstitution of N3 (see numbering in Figure 1 ). Similar synthesis from N,N′-bis((1-methylimidazol-2-yl)methyl)-1,3diaminopropane provided L′ (yield 57%). Details and full characterization are provided in the Supporting Information.
Complexes. The complexes were obtained by addition of an equimolar amount of Cu(NO 3 ) 2 ·3H 2 O in EtOH. Addition of NH 4 PF 6 (2.5 equiv) resulted in an immediate precipitation. The precipitate was redissolved using acetone, and crystals suitable for X-ray diffraction were grown by slow evaporation. Details of the complexes characterization, crystal data, data collection, and refinement are given in the Supporting Information.
Computations were performed using the Gaussian package 44 The B3LYP functional 45, 46 was used along with the 6-31++G** basis set 52 for all computations.
Experimental Details. Materials and methods including chemicals, synthesis of the ligands, crystal data of the complexes, physicochemical characterization of the complexes, and NCI analyses can be found in the Supporting Information.
